This study has modeled the rheological behavior of thermosonic extracted pink-fleshed guava, pink-fleshed pomelo, and soursop juice concentrates at different concentrations and temperatures.
is important to ensure it is pumpable and provides desired final product properties including the mouth feel properties for fruit juice.
Due to high water content in fruit juice, concentrating fruit juice in industrial processing is necessary to reduce packaging, storage, and transportation costs. Fruit juice concentrates are usually reconstituted at the time of usage by adding water. In producing juice concentrates, the water removal must be sufficient to increase its total soluble solids content until its 8Brix level is at least 50% greater than its established reconstituted juice (Codex, 2005) . Most food concentrates used in food industry are in the range of 30 to 408Brix (Sharoba & Ramadan, 2011) . Since fruit juice is a thermally sensitive product, concentrating by heating could develop a cooked taste in the final product and fouling in the pipe wall. The nutrient content in the fruit juice are also degraded by heat. These losses are serious processing and marketing problems. The freeze-drying process is introduced to concentrate fruit juice to produce the highest end product quality in terms of taste, aroma, nutritive value, and a longer shelf life. This process involves crystallization of water at low temperature and then sublimation from solid to vapor without passing through the liquid phase. In extracting heat-sensitive and starchy or creamy fruit juices, the use of thermosonic method has helped to increase juice yield at reduced heat levels (Abdullah, 2015; Chemat, Zill, & Khan, 2011) .
Temperature is the most important control parameter in fruit juice processing because fruit juice concentrates are very heat-sensitive.
Excessive heat and viscosity of fruit juice concentrates cause loss of energy and lower juice amount produced. Fruit juice may also overheat where less nutritious fruit juice is produced and its flavor and aroma degrade. The effect of temperature on rheological properties of fruit juices such as pomegranate and pear juice concentrates (Magerramov, Abdulagatov, Azizov, & Abdulagatov, 2007) , untreated and pasteurized carrot juice (Vandresen, Quadri, de Souza, & Hotza, 2009) , clarified pear and apple juices (Falguera, Vicente, Garvín, & Ibarz, 2013) , and aloe vera juice concentrates (Swami Hulle, Patruni, & Rao, 2014) have been well described using the Arrhenius model. The Arrhenius model is based on temperature change, which causes thermal expansion by the magnitude of flow activation energy. The thermal energy results in the changes of intermolecular distances by the intermolecular forces (Vandresen et al., 2009 ). The flow activation energy is defined as sensitivity of sample viscosity to temperature changes (Juszczak, Witczak, Fortuna, & Solarz, 2014; Kaya & S€ ozer, 2005) . The activation energy parameter in the Arrhenius model explains the minimum amount of energy that is enough for collision of molecules to initiate bonds breakage. Strong intermolecular forces and weak molecules mobility of the high viscosity fruit juices require a high amount of energy to be broken for starting the flow of fruit juices.
The aim of this study was to model rheological behavior of thermosonically extracted guava, pomelo, and soursop juice concentrates using the concentration-temperature superposition principle where a master curve is developed to display a single smooth line to express its rheological behavior. The present work has also developed and proposed a new mathematical model, which combines the Arrhenius and logistic growth models for modeling the effect of temperature on the rheological behavior of guava, pomelo, and soursop juice concentrates.
| M A TER I A LS A N D M ETH OD S
2.1 | Preparation of fruit juice concentrates 2.5 kg of each fruit pulp, the pink-fleshed guava (Psidium guajava L.), pinkfleshed pomelo (Citrus maxima M.), and soursop (Annona muricata L.) was blended in a commercial food blender (300 W, Model XB409, Ceado, Italy) at 28,000 rpm for 1 min, pulsed for 30 s and another 1 min at 22,000 rpm to get homogenized pulp. The pulp was then mixed with distilled water at ratio of 1:1 by weight before thermosonic treatment. Table 1 lists the conditions for thermosonic treatment for all three juices where it has been optimized priory for the highest juice yield with maximum ascorbic acid and total soluble solids content (Abdullah, 2015) . Direct thermosonic treatment was carried out using a 400 W digital ultrasonic processor (S-450D, Branson Ultrasonics Corporation, Danbury, CT) with its probe tip immersed to a depth of 25 mm into a 150 mL beaker containing soursop pulp mixture. For indirect thermosonic treatment, a glass bottle of the guava or pomelo pulp mixture was partially immersed in an ultrasonic water bath (Chin, Tan, Che Pa, & Yusof, 2013) , which contained water. The thermosonic treatment temperature was maintained using a temperature probe where cold water was added into the surrounding water of beaker containing sample for direct thermosonication or applying continuous flow of water into the bath for indirect thermosonication.
The thermosonic treated pulp mixture was centrifuged at 4,000 rpm for 20 min at 4 8C using a refrigerated centrifuge (Mikro 22R, Hettich Zentrifugen, Germany) to separate the fruit precipitate and liquid supernatant. The supernatant was collected as the thermosonic extracted juice and filled into plastic containers (100 mL), frozen in a freezer at 220 8C prior to freeze-drying. Ten containers of each frozen guava, pomelo, and soursop juice were concentrated in a freeze-dryer (FreeZone, Labconco) at vacuum pressure of 0.06 mbar for 72 hr where the average final concentration of guava, pomelo, and soursop juices produced were 47.8 6 0.78Brix, 73.1 6 0.48Brix, and 73.8 6 0.78Brix, respectively. The guava juice concentrate was diluted using distilled water to concentrations of 5, 15, 30, and 458Brix, while the pomelo and soursop juice concentrates to concentrations of 5, 15, 30, 45, and 708Brix for rheological measurements. Each concentrated juice was diluted in duplicate. The whole process of blending, homogenization, thermosonic treatment, concentration, and dilution of each fruit juice was repeated twice. The concentration was measured using a digital refractometer (PAL-Alpha, Atago) and expressed in 8Brix. (Steffe, 1996) .
where, r is the shear stress (Pa), K is the consistency coefficient, _ g is the shear rate (s
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), and n is the flow behavior index.
| Modeling the effect of concentration on the juice concentrates flow behavior
The effect of concentration (C) on the variation of K or n can be described by the exponential (Equations 2a and 2b) and power law (Equations 3a and 3b) models. The exponential (Dak, Verma, & Jaaffrey, 2007; Yilmaz, Sert, & Demir, 2010) and power law (Barbana & El-Omri, 2012; Dak et al., 2007; Yilmaz et al., 2010) are the most widely fitted empirical models for predicting values of K and n.
where k c , n c , and b is the constants and C is the concentration.
The dimensionless concentration-temperature shift factors, a T at each temperature were calculated using Equation 4 to make a horizontal shift of other temperatures at the concentration axis to make an overlapped smooth curve. 25 8C was chosen as the reference temperature (Quek, Chin, & Yusof, 2013) .
where a T is the dimensionless shift factor, C T is the concentration at defined temperature, and C Tref is the concentration at reference temperature of 25 8C.
A master curve was then plotted as K or n versus C/a T where exponential model (Equations 5a and 5b) or power law model (Equations 6a and 6b) was fitted to find the best regressed master curve model for each fruit concentrate.
where k c 0 , n c 0 , and b 0 are the constants, K is the consistency coefficient, n is the flow behavior index, C is the concentration, and a T is the dimensionless shift factor. decay function is suitable to be used because K reduces by temperature increment. Therefore, r is a negative value to make it a decay function and logistic sigmoidal models for this study are as in Equations 8a and 8b. Cross product of the Arrhenius (Equations 7a and 7b) and logistic sigmoidal growth (Equations 8a and 8b) models yields the proposed new model as in Equations 9a and 9b.
|
where K is the consistency coefficient, n is the flow behavior index, T is temperature in Kelvin, k T and n T are the pre-exponential factor, E a is the activation energy in kJ mol
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, R is the universal gas constant of
, H is the maximum value of the asymptotic curve, k T , n T , and D are constants and r is the growth parameter. Figure 2 shows the relationship of n and C, which was also fitted to the exponential and power law models. The fruit juice concentrates tend to be more shear-thinning when concentrations increased. The guava juice concentrates have a more prominent shear thinning behavior than the pomelo and soursop. This is due to low starch content in guava, around 13% (Chek Zaini, Zaiton, Zanariah, & Sakinah, 2012) as compared to 27.3% starch content in soursop (Nwokocha & Williams, 2009 ). Non-starchy (Economos & Clay, 1999) and low pulp content causes the pomelo fruit is close to Newtonian behavior. Table 3 soursop, respectively, suitable to be modeled using either Equations 5b or 6b for n prediction purposes. Table 4 lists the best fitted master curve models for K and n with their constants selected by the highest R 2 and lowest RMSE values. These master curve models have acceptable R 2 values of more than 0.93, and can be used for predicting rheological properties, K and n of respective fruit juice concentrates. The negative constants suggest the decrement of n with increment of concentration. Figure 3 shows the relationship of viscosity (Equation 1a) with concentration and shear rate. Viscosity is higher at lower shear rates because due to higher forces in breaking agglomerated molecules (Genovese & Lozano, 2001 ). The aggregation between molecules is attributed to pectinaceous substances, which have a high water holding capacity that develops a cohesive network structure (Bhattacharya & Rastogi, 1998) . Lower viscosity is low at high shear rate was due to the molecules orientation and alignment, which reduced friction between molecules (Sun-Waterhouse, Bekkour, Wadhwa, & Waterhouse, 2014).
The reduction in juice viscosities gives benefit to the high-shear processes like pumping and filling. Increase in viscosity with concentration is due to the increment of hydrated molecules and hydrogen bonding with the hydroxyl groups (Sharma, Manikantan, Ranote, & Singh, 2014) . Cell wall debris such as cellulose and pectin which is usually made up by small amounts of hemicelluloses and hydroxyproline-rich protein may also be the main interference for juice to flow (Sharoba & Ramadan, TABLE 4 Best fitted master curve models for k or n as a function of concentration for guava, pomelo and soursop juice concentrates Constant values for logistic sigmoidal decay and Arrhenius models of K as a function of temperature for guava, pomelo, and soursop
Arrhenius model
Logistic sigmoidal model New model Constant values for logistic sigmoidal decay and Arrhenius models of n as a function of temperature for guava, pomelo, and soursop
Logistic sigmoidal model New model (Dealy & Wang, 2013) . As all three juices are shear-thinning, it is necessary to make sure the n values remain between 0 and 1. A negative n value is also meaningless and it occurs due to sample slipping out during rheological testing (Fraiha, Biagi, & Ferraz, 2011) . In overcoming the limitations of the Arrhenius model, a S-shaped curve, which is the logistic sigmoidal model, was applied to predict the effect of temperature on K and n. Originally, the logistic sigmoidal model is most widely used to describe the growth of population, such as tumor cell growth (Kozusko & Bourdeau, 2007) . The sigmoidal decay model has also been used to evaluate the effect of temperature on lipid solid fat content (Augusto, Soares, et al., 2012) . Modeling the current rheological data for juice concentrates using the logistic sigmoidal model, however, did not give a good fit as seen in Tables 5 and 6 temperature is shown by its activation energy (Quek et al., 2013) . Guava juice concentrate had the lowest range of activation energy as it is less sensitive to a temperature change.
Figures 4 and 5 show a trend of K decaying and growing n with increasing temperature. The K value of fruit juice concentrates reduced at high temperature because heat energy applied has loosen the molecules bonding until they could move fast and random, and leads to less resistance to flow. Figure 4 shows that the guava has the highest range of K, while the pomelo has the lowest range of K. The guava juice concentrate is the most viscous juice compared to the pomelo and soursop. Statistical analysis using ANOVA show that means of K of guava, pomelo, and soursop at different temperatures was significant with p < .0001. From DMRT analysis, the highest concentrations at 458Brix
for guava and 708Brix for the pomelo and soursop lead to a higher K values and this reflected higher juice viscosity. 
| C ONC LUSI ON S
The shifting of rheological data to a single reference temperature in developing a master curve model to predict the overall effect of juice concentration on rheological properties of K and n is useful when statistical analysis supports that the data are not significantly different at different temperatures. The master curve models of K or n as function of concentration shows an increasing trend for K and decreasing trend for n. The modeling of K and n with respect to temperature using the Arrhenius and logistic sigmoidal growth models was improved using a new model proposed from the integration of both the Arrhenius and logistic sigmoidal functions. The modeling of fruit juice concentrate properties is potentially useful for the juice processing and equipment industry as it provide avenue to fast, easy, and efficient references on rheological properties for operations and equipment design.
